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bstract
This study addresses the issue of alternative pathways for breeding plutonium in a 900 MWe three loop thermal pressurized water reactor (PWR),
ither fueled with uranium fuel (3.5% U-235) or with mixed fuel (20% MOX). During the operation of a nuclear reactor the in-core neutron flux
nd the ex-core neutron flux are monitored with flux detectors. At the places where those detectors operate, the guide thimbles and the vessel wall,
espectively, the neutron flux can be used to irradiate material samples. This paper investigates whether it would be possible to produce plutonium by
reeding it at the walls of a PWR vessel and/or in the guide thimbles. The neutron flux in the reactor and the corresponding multi-group spectra are
stimated with Monte Carlo simulations for different positions at the vessel wall of a PWR operating with either UO2 or MOX. Then the irradiation
f fresh uranium samples at the vessel wall and in the guide thimbles are calculated and the isotopic composition of the irradiated samples are
etermined. The minimum irradiation period and the necessary minimum amount of fresh uranium to breed different grades of plutonium are
erived.
2007 Elsevier B.V. All rights reserved.
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. Introduction: frequent refueling for breeding
lutonium
Under the Non-Proliferation Treaty and the Additional Proto-
ol of the International Atomic Energy Agency (IAEA), a set of
afeguards measures exist to monitor the peaceful use of nuclear
aterials and nuclear technologies. Nuclear reactors, and in par-
icular light water reactors (LWR), are safeguarded by counting
nd identifying individual fuel assemblies. In addition, to pre-
ent the undeclared removal and replacement of fuel assemblies
he IAEA makes use of surveillance and sealing to guard against
ndeclared activities. Irradiation histories are also monitored to
enerate a nuclear materials account. The IAEA has specified
arious significant quantities of plutonium (Pu) isotopes for the
urposes establishing detection thresholds. The classification is
ommonly based on the irradiation history of the plutonium,
lthough the IAEA (2002) considers all Pu with a Pu-238 con-
ent less than 80% as direct use material. With the high rate of
pontaneous fission (1020–1030 neutrons/g s) Pu-240 in large
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oi:10.1016/j.nucengdes.2006.12.006oncentrations could initiate a premature chain reaction in a
ritical mass as indicated by Carson (1993). Therefore differ-
nt compositions of Pu are commonly distinguished in order
f diminishing appropriateness for non peaceful applications.
efinitions for each of them are given in Pellaud (2002) and
ndicated in Table 1.
In reactors the build-up of the isotope Pu-240 can be strictly
ontrolled by the irradiation time. This is easily done in reactors
hat are refueled online, for instance in heavy water reactors (e.g.
ANDU type) and graphite moderated reactors (e.g. RBMK).
or commercial LWR’s, the premature withdrawal of spent fuel
ssemblies from the reactor core can limit the Pu-240 content
ut for each withdrawal the reactor needs to be shut down and
pened.
There exist also other ways to breed plutonium with a con-
rolled irradiation time at PWR’s and this paper will focus on
wo: the use of the neutron flux in the guide thimbles and use of
he neutron flux located at the outer vessel wall:1) During the operation of a nuclear reactor the flux in the core
is monitored by flux detectors. These detectors are miniature
fission chambers that are filled with highly enriched uranium
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Table 1
Different grades of plutonium
Super grade Pu-240 ≤ 3%
Weapons grade 3% < Pu-240 ≤ 7%
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Table 3
Composition of the homogenized core
wt.% Density (g/cm3)
Fuel 31 10.3
Zircalloy-4 8 6.56
Water 61 0.719
Table 4
Composition of different types of fuel for the MCNP calculations
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DFuel grade 7%<Pu-240 ≤ 18%
Reactor grade Pu-240 > 18%
(HEU) and are placed at the extremity of a long flexible
cable. The cable is inserted from the bottom of the vessel and
from there on it is guided via a guide thimble (1 cm diameter)
through the lower head penetrations of the vessel and the
lower support columns in to the central instrumentation tube
of the fuel assembly. Typically 50 guide thimbles are present
for PWRs with 157 fuel assemblies. When not used as a
measurement channel, the guide thimble is withdrawn from
the core and the instrumentation channel is filled with water.
Each thimble could be used to produce plutonium if it is
filled with uranium and brought into the core.
2) The fissions in the reactor also give rise to a neutron flux
outside the reactor core. This flux could be used to irradiate
uranium samples which are placed against the outer ves-
sel wall and in this way produce plutonium. Considerable
amounts of breeding material can be placed at the cylin-
drical part of the vessel wall, preferably at the same axial
position of the reactor core for an optimal utilization of the
available neutron flux. Although the top and the bottom of
the reactor core, which are equipped with instrumentation
and control devices, are less accessible, there also exists a
possibility of placing breeding samples at those places.
This paper investigates these scenarios by referring to techni-
al specifications that are associated with a PWR 900 MWe three
oop thermal reactor. The neutron spectra in breeding samples
ith depleted uranium at the vessel wall are determined from
eutron Monte Carlo simulations. The isotopic composition of
he irradiated breeding samples in the guide thimbles is deter-
ined through the ORIGIN Code via the SCALE Code.
. Model for burn-up calculations in the different
reeding cells
.1. Reactor model and corresponding neutron ﬂux for
reeding cells located at the vessel wall
.1.1. Reactor core
Simplified geometries are used in the numerical MCNP
Monte Carlo N-Particle Code) calculations of the neutron
ux and corresponding energy-spectra. The reactor vessel is
eplaced by a stainless steel cylinder and the region around
i
f
t
u
able 2
imensions of the reactorinternals
Inner radius(cm) Outer radius (cm)
Reactor vessel 197.48 219.13
Thermal shield 181.14 187.96
Core 0.00 330.00
a The axis of the cylindrical vessel has been chosen as Z-axis; z = 0 corresponds wU-235 U-238 Pu-239 Pu-240
UO2 fuel (wt.%) 3.5 96.5 – –
MOX fuel (wt.%) 0.18 91.82 4.8 3.2
he reactor vessel is modelled as dry air with a density (ρ) of
.001293 g/cm3. The dimensions of the reactor and internals
re tabulated in Table 2. The core is modelled with the typical
hessboard structure containing a homogeneous mixture of
uel, structural materials and moderator. This is a common
echnique also used by Galetta (2003) and the differences in flux
alculations between a homogenized and the heterogeneous
eactor core can be neglected for the subsequent problem. The
omposition of the homogenized core is given in Table 3.
Although partially corrected by keff calculations, the geom-
try simplifications – with identical fuel assemblies – result in
lightly overestimated absolute fluxes. As a consequence, the
erived isotopic compositions represent an upper limit of the
mount of bred material. In the perspective of deriving a con-
ervative estimation no variations in core model, such as a low
eakage arrangement of fuel assemblies, are considered.
Two types of fuel are studied:
(i) conventional fuel: enriched UO2 (3.5% U-235), and
ii) mixed fuel: mixture of conventional fuel (80%) and mixed
oxide (MOX) fuel (20%).
The isotopic composition of the different types of fuel that
re used for the MCNP calculations are given in Table 4.
The energies of the source particles are sampled from the Watt
ssion spectrum and adapted to the type of fuel used. The neutron
pectrum at the beginning of life in a core with conventional
uel is assumed to be the fission spectrum of U-235 whereas
he fission spectrum of Pu-239 is used in the core operating
ith mixed fuel. Source particles are sampled randomly and
sotropically distributed over the core. In addition, the use of the
ONU card enables additional fissions in the core to be treated as
imple captures. Outside the reactor, continuous energy data was
nput from the European nuclear data evaluation library JEF 2.2.
or a thermodynamic temperature of 300 K. Data corresponding
o an average thermodynamic temperature of the core, 600 K, is
sed for the materials inside the reactor.
Height (cm) Material ρ (g/cm3) Base planea
1344 A533B 7.83 z = 0
400 SS-304 8.03 z = 233
360 Mixture 4.29 z = 253
ith the bottom plane of the vessel.
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Table 5
Geometrical dimensions of the breeding cells
Inner radius
(cm)
Outer radius
(cm)
Height (cm) Base plane
Wall 221.8 221.96 360.00 z = 253.00
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pLower plate – 165.00 0.16 z = −0.16
Upper plate – 165.00 0.16 z = 1344.00
Guide thimble 0.5 0.55 360.00 z = 253.00
.1.2. Neutron ﬂux in the breeding samples at the vessel
all
Depleted uranium (commonly available at 0.2% U-235) is
elected as breeding material and uranium metal is preferred
o UO2 because the volumetric density of fertile isotopes in
ranium metal is beneficial for the breeding yield. Moreover,
ranium metal is easier to handle than a gaseous compound of
ranium. To evaluate the neutron flux two different types of
reeding cells are modelled:
1) a cylindrical shell of the bare depleted uranium metal that
was placed around the vessel wall;
2) a cylindrical plate of the bare depleted uranium metal, one
at the top and one at the bottom of the vessel;
The geometrical dimensions of the breeding cells are tabu-
ated in Table 5.
Even though the compositions of the fuel are different, the
pectra at the vessel wall are very much alike for thermal reac-
ors. If the reactor is fueled with mixed fuel an absolute flux of
7.7% higher is estimated at the vessel wall. The absolute fluxes
ϕ’ and the estimated relative error ‘R’ are tabulated in Table 7.
The data from Table 8 show that the calculated ratio
ϕmixed/ϕconv)wall differs little from 1 in [10 eV; 5 keV], where
he breeding of Pu-239 is dominant. This is an indication that
reeding yields for conventional and mixed fuel will be of the
ame order; but higher for mixed fuel as the ratio is greater than 1.
The fraction of neutrons that reaches the breeding material at
pithermal energy is smaller at the wall than in the guide thimble
ecause the thick water layer between the core and the wall is an
bsorbing and moderating medium for neutrons This behaviour
s reflected in the ratios (ϕguidethimble/ϕwall) as shown in Table 7.
urthermore, these ratios suggest that the breeding efficiency in
uide thimbles is more than 2 orders of magnitude higher than
reeding at the wall.
.2. Fuel assembly model for samples in the guide thimbles
The guide thimble is modeled as a zircalloy-4 cylinder filled
ith depleted uranium metal (5386 g) that is placed in the in-
trumentation channel of a fuel assembly. The dimensions of
his breeding cell are shown in Table 5. The time evolution of
he isotopic composition of the Pu vector in the guide thimble
able 6
omposition of different types of fuel for the SCALE calculations
U-235 U-238 Pu-238
UO2 fuel (wt.%) 3.5 96.5 –
MOX fuel (wt.%) 0.19 93.81 0.08
d
o
i
sFig. 1. SASH2 module.
s determined for UO2 and MOX fuel assemblies (see Table 6)
ith the SCALE Code (SCALE, 2007).
SCALE is not a simple code, but a modular system. This
eans that it is a collection of several codes, each one per-
orming different tasks with a standardised input/output system
hat allows to enter automatically the output results of a module
s input data of the following one. So the single codes (called
unctional modules) can be executed either in the traditional
tand-alone way or linked together in a cascade of modules each
ne using as input the results of the previous codes. Special
uper-modules (called control modules) allow to build automat-
cally pre-determined standard sequences of functional modules.
he system is provided with other ancillary modules performing
tility tasks as data management, and with an extended set of
ibraries containing nuclear properties, cross-sections, material
roperties. One of the SCALE sequences, SAS2H, is explicitlyPu-239 Pu-240 Pu-241 Pu-242
– – – –
3.77 1.41 0.49 0.25
esigned to perform burn-up calculations. It uses the description
f the fuel assembly in order to compute the neutron spectrum
n the cell, to collapse the cross-sections and to generate the
pecific set of nuclear data (see Fig. 1).
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Table 7
Absolute flux and relative error at different positions for different types of fuel
Conventional Mixed
ϕ (cm−2 s−1) R (%) ϕ (cm−2 s−1) R (%)
Wall 1.41E+11 0.32 1.80E+11 0.31
Lower plate 2.44E+08 17.81 2.72E+08 18.47
Upper plate 1.57E+08 23.99 2.69E+08 18.72
Center of corea 1.65E+13
a Simulations with SCALE.
SAS2H determined for each of the two cases of PWR assem-
blies (fuelled with standard 3.5% LEU fuel and a MOX fuel)
two outputs: the typical neutron flux intensity (shown in Table
7) and the 1-group cross-section libraries produced by collaps-
ing multigroup cross-sections weighted on the neutron spectrum
inside the PWR assembly (with an average fuel composition cor-
responding to an assembly burned at half the nominal burn-up,
i.e. 17,500 MW d/tonne). Then the cross section library and the
neutron flux were fed to a simple (zero-dimensional) ORIGEN
calculation in order to get the evolution of the U metal target
inside the guide thimble. In practice, at the basis of this model
there is the assumption that the neutron flux in the guide thimble
is determined (both in spectrum and intensity) from the sur-
rounding fuel assembly and not from the content of the thimble
itself.
The burn-up calculations are performed with an averaged
neutron flux of a standard PWR. The axial power profile will
induce a variation in the Pu vector along the guide thimble, but
averaged over the whole length the mean is expected to be in the
same order of magnitude.
3. Pu-breeding feasibility in PWR
This section interprets results obtained when the isotopic
composition of the irradiated breeding material was calculated
for the different samples at the expected average thermodynamic
temperature of the core of 600 K. The burn-up history was de-
termined assuming a constant, homogeneous flux profile during
the entire irradiation history. However, during the operation of
a reactor the flux is continuously changing (insertion of control
rods, build-up of fission products and actinides, evolution of the
fissile and fertile isotopes). The constant flux assumption there-
fore results in an overestimation of the real reactor flux and the
resulting isotope production rate will represent an upper limit.
The isotopic composition of the breeding material was evalu-
ated and a fourth order interpolation of the results determined
the time needed to obtain different grades of plutonium and the
corresponding isotopic compositions (Table 9).
Table 8
Absolute flux in the energy domain where the breeding of Pu-239 is dominant
Wall
ϕ for [10 eV, 5 keV]
Mixed 9.03E+09
Conventional 6.94E+09
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.1. Feasibility for breeding of Pu at the vessel wall of PWR
Based on the MCNP calculations the Pu yield can be expected
o be approximately 2 orders of magnitude lower then the yield
n the guide thimbles. Even under the conservative simplifica-
ion of the core – no low leakage core – the Pu yields at the
essel wall are expected to be extremely low. Under a more re-
listic assessment – optimized fuel assembly arrangement – the
u yield will be even lower because of beneficial neutron spec-
rum. Therefore, it was considered unnecessary to compensate
he model for any axial distribution of the neutron flux.
Given this low flux, large amounts of breeding material will
ave to be irradiated to reach an acceptable breeding capacity.
ontrary to the guide thimbles, the wall is difficult to access and
he placement of breeding material would need substantial ma-
erial support systems. Moreover, the breeding possibilities are
imited for reasons of self-shielding. This scenario for breeding
u at the vessel wall therefore can be allocated a very low occur-
ence probability. Given the fact that the fluxes at the top and at
he bottom of the vessel were estimated to be 600 times smaller
han the fluxes at the cylindrical part of the vessel wall, the pos-
ibility of breeding at those places can also be excluded and no
urther techniques are applied to reduce the relative MCNP error
n those cases.
.2. Feasibility for breeding of Pu in the guide thimbles of
WR
Successive neutron capture in the irradiated material in the
uide thimble is the dominant reaction mechanism leading to
he conversion of U-238 into Pu-239:
38U(n, γ)239Uβ
−,25.6m→ 239Npβ
−,2.355d→ 239Pu
Several side reactions give rise to different Pu-isotopes and
he build up of the minor actinides Np, Am, Cm. The appearance
f fission products in the breeding material is mainly due to the
hermal fission of U-235 (0.2%) and thermal fission of appearing
u-239 and Pu-241 although fast fission of some isotopes may
lso contribute. The conversion of U-238, the build-up of Pu and
he appearance of minor actinides and fission products is shown
n Figs. 2 and 3.
Pu-239 is continuously formed through neutron capture in U-
38 but also disappears through fission, neutron capture and α-
ecay. Neutron capture and fission will predominate in the guide
himble because of the long half-life of Pu-239 (T1/2 =24,100
ear). Pu-239 has a substantially higher fission cross-section
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Fig. 2. Isotopic Evolution of the breeding material—UO2 fuel.
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5.0 g can be produced in 44 days in reactors operating with UO2
fuel and 12.1 g in 100 days in reactors operating with MOX fuel.Fig. 3. Isotopic Evolution of the breeding material—MOX fuel.
han Pu-240 while the absorption cross-section is of the same
agnitude for both isotopes. The relative Pu-239 yield therefore
ecreases continuously in time and the share of Pu-240 in the Pu
ector increases. Due to successive neutron capture in Pu-240
he relative amount of the higher Pu-isotopes in the Pu vector
ises in time (see Figs. 4 and 5).The proportion of Pu-240 in the Pu vector determines two
ossible times for the expedient removal of the irradiated mate-
ial from the guide thimbles:
Fig. 4. Evolution in time of Pu-240.
TFig. 5. Evolution in time of the Pu vector.
1) when the Pu-240 makes up for 7% in the Pu vector and there-
fore any additional irradiation would lead to Pu of inferior
quality;
2) when the absolute Pu-239 yield is at its maximum without
the Pu vector having reached the 7% Pu-240 limit: longer
irradiation times lower both yield and the quality of the Pu.
The Pu-240 content reaches its 7% limit in the irradiated ma-
erial in the guide thimble before the absolute Pu-239 yield is
t its maximum as shown in Figs. 6 and 7. Therefore it can be
oncluded that the isotopic composition of the irradiated mate-
ial is the limiting factor for Pu-breeding in the guide thimble of
hermal reactors. The under linear time behaviour of the yield
an also be seen in the same curve.
An amount of 12.5 g Pu[7% Pu-240] can be produced in 112
ays in one guide thimble placed in the centre of the core if
he reactor is working continuously at full power and with UO2
uel. Under the conditions of a reactor operating with MOX
uel an amount of 29.9 g Pu[7% Pu-240] can be produced in
65 days. Although the yield of Pu[3% Pu-240] is less, stillhe utilization of the breeding material (relative yield) is higher
Fig. 6. Limit for Pu-breeding for both types of fuel.
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Fig. 7. Pu yield for both types of fuel.
Table 9
Time scale and yield for the different cases in the guide thimble
Time (days) Yield (g Pu/
guide thimble)
Relative yield
(g Pu/kg input)
UO2 fuel
Pu [3% Pu-240] 44 5.026 0.933
Pu [7% Pu-240] 112 12.517 2.234
MOX fuel
Pu [3% Pu-240] 100 12.100 2.250
Pu [7% Pu-240] 265 29.946 5.560
Table 10
RYFP and necessary amount of breeding material (0.2% U-235) to obtain a
critical mass of Pu in the guide thimbles
RYFP Input (kg)
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GUO2 fuel MOX fuel UO2 fuel MOX fuel
Pu [3% Pu-240] 2.13 2.01 4287 1781
Pu [7% Pu-240] 4.36 4.31 3443 1439
f Pu[7% Pu-240] is produced as shown in Table 9. However,
u[7% Pu-240] contains more Pu-241 that has an additional
egative effect on the quality of the produced Pu.
Garwin (2001) estimated that 8 kg Pu[7% Pu-240] and 4 kg
u[3% Pu-240] are sufficient to constitute a critical mass. Table
0 was produced by evaluating the necessary amount of reac-
or year at full power (RYFP)1 and the corresponding amount
f input depleted uranium metal to breed the two distinct crit-
cal masses of Pu for a commercial reactor continuously op-
rating at full power with 45 guide thimbles filled with de-
leted uranium metal. It is assumed that, when the Pu- vec-
or contains the desired isotopic composition, the irradiated
reeding samples can be replaced on line with fresh breeding
amples. The flux profile in the core is assumed to be homo-
eneous and the isotopic evolution of the breeding material
n the central guide thimble could therefore be extrapolated
o the other guide thimbles. Although it is theoretically pos-
ible to operate the reactor without any measurement points
1 The RYFP can be interpreted as the number of PWRs (900 MWe) operating
t full power during 1 year.
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his is not allowed for safety reasons and the assumption of
he unavailability of 45 measurement points is a more realistic
pproach.
. Conclusion
Although in core point wise flux measurements are requested
y the safety authorities they are not all crucial for reactor op-
ration. After start up, the reactor can be safely operated with
he ex-core flux detector systems, the axial off set program and
he other safety systems. This study shows that it is theoretically
ossible to irradiate samples that are inserted into the instrumen-
ation tubes to produce different grades of plutonium. Given the
ow plutonium yield, a big amount of breeding material should
e inserted into the reactor to obtain a significant quantity of
u. Therefore it is more likely that the guide thimbles would be
sed to obtain little amounts of irradiated material for research
urposes. The feasibility of setting up a system for inserting and
emoving samples might need special consideration. Attention
hould be given to technical problems related to the pressure
ifference at the seal table and the radiation hazards that are
nticipated to occur when the samples are withdrawn from the
ore.
When samples are inserted in the instrumentation tubes the
eactor dynamics will be affected. On the one hand, an amount of
nti-reactivity is inserted locally, but it is estimated that this will
ot affect the reactor neutronics significantly. On the other, the
hermal dynamics will be affected when the flow in the instru-
entation tube is disturbed. The appearance of hot spot regions
s anticipated and needs further investigation.
Similar research could be envisaged for research reactors.
espite their small size, a higher breeding efficiency can be
xpected because of the high thermal fluxes (see Ahmad and
hmad, 2006). In addition, these elevated fluxes combined with
high leakage core may constitute the conditions for efficient
reeding of fissile material in a breeding mantel that is attached
t the side of the core.
Based upon this study and the results of additional research
n assessment of diversion scenarios can be carried out. If nec-
ssary, additional safeguards measures could consist of sealing
f the seal table and/or monitoring the use of the in-core flux
easurement equipment.
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